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SECTION I 

INTRODUCTION 

This Design Summary Report is presented in satisfaction of Phaee I of 
Contract MAS 5-9029, issued by the Goddard Space night Center of the 
National Aeronautics and &;ace Aaministration. 

The objective of the contract is primarily to develop a high response 
thrust stand, capable of aesessing the thrust performance of small, attitude 
control thrustors applied to space vehicles. 

A secondary objective is to ensure that the thrust stand system, with 
thruetor system mounted, can be used in conjunction with a computer to 
simulate a closed loop attitude control system for vehicles undertaking 
various space missions. 

The contract required that the first three-month period be spent in the 

study of the problems of low-level thrust measurement in the Goddard test 

facility, the definition of several methods of measuring such thrust and the 
quantitative assessment of the potentials of these methods to satisfy the 
requirements. 

This Design Report is the result, therefore, of the first three months 
study period of the contract. The theoretical analysis of problem areas, 
euch as the selection of control loop type, loop analysis, isolation from 
known background vibration and the influence of a changing temperature 
environment are presented; certain aen6or and loop systems are suggested, 

quantitative performance assessmente of sensors, loops and other stand 
components are given. 

One of the items of major importance in the development of the 

thrust system is seen to be the motion o r  force transducer. Because of 
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the importance of this item, and because of the stringent requirements that the 
design of the system places upon it, an industry survey was made of low level 
thrust stands and the transducers suitable for use on such stands. 

Basic target parameters for the stand were generated and can be laid 
down as follows: 

1) 

2) 

3 )  

4) 

5) 

To support a test thrustor package of up to 4 pounds. 
The stand natural frequency to be equal to, o r  better than, 250 
cycles per second, while loaded with the 4 pound package. 
To measure, with an overall system accuracy of 5%. thrust 
in the range of 5 millipounds to 200 millipounds. 
The system to include built-in and remotely operated steady 
state and dynamic calibrators, referable to an NBS standard. 
Following upon the test package weight, frequency requirement 
and thrust resolution, the motion transducer to have a threshold 
figure of 3 x 10-9 inches. 
The stand to contain built-in isolation of badkground vibration 
down to 10 cycles per second. This isolation to be primarily 
in the direction of the thrust axis, but isolation to be provided 
against croes talk coupling from other axes. 

6) 

i 

From the analyses and the investigations made it is concluded that the 
development of such a thrust measuring system is just within the borders of 
the present state-of-the-art. 

The main area in question is undoubtedlv the transducer-loop combination, 
where experience in the sensing, and scaling to meaningful force V a l  ues ,  of 
such small motions as those involved in this application is extremely limited. 

However, this is not the only area calling for evaluation; the effects of 
temperature change, background vibrations, resonant vibrations set up in 
stand structure, test equipment settling and many other points must be given 
careful consideration. 

Recoinmendations for the approach to the development of the thrust system 
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are given in the report and can be generally raummarized as follows. 

Three types of transducers are hown that will sense the motions called 
for and at the force levels specified. One form of sensor, the piezoelectric, 
is seen as only being applicable if  the thrust is limited to a pulsed form. The 
two remaining types, differential transformer and capacitor, can be used to 
measure long-term steady thrusts with high response characteristics, The 
differential transformer is solely a displacement sensor and for the proposed 
application would have to be used with a closed loop system. The capacitor 
transducer, as typified by a unit at present under inverstigation at Republic 
Aviation Corporation, can be used in open loop o r  closed loop systems. 
Inherent in the capacitor transducer is the abUity to combine the force restraint 
element with the motion sensing element, seen a s  an absolute eesential for 
the application of an open loop system to the proposed system. It is required, 
however, that the transducer of an open loop system be linear and virtually 
free of drift and hysteresis. The capacitor sensor is also applicable to a 

closed loop system, and in fact in such a system the sensor is relieved of its 
linearity requirements and less restricted in its drift and hysteresis parameters. 

Auditionally, it is known from the theoretical studies presented here. 
that the damping for a suitable open loop system is such as to require some 
feed-back amplification circuit, if an impractically large unit is to be avoided. 

To ensure that the system has the ability to accept an alternative 
transducer, to provide the flexibility to compensate for insufficient sensor 
linearity o r  dr i f t  o r  hysteresis and to provide the damping levels required, 
it has been recommended that the system be conceived as a closed loop system. 
The system configuration has been developed on thia basis, with the under- 
standing that the proving of the capacitor transducer, in linearity, etc., can 
simplify the system to an open loop with the damping amplifier network. 

Temperature environment is an important consideration fn this system, 
,and the affect of it upon the transducer and other stand components has been 
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studied. The stand configuration recommended ia consequently designed to 
reduce the temperature change effects to a small proportion of the overall 
accuracy of the system. 

A t  the beginning of this Desi& Analysis, the test facility at Goddard, into 
which the proposed stand will be integrated, wa8 studied; together with a 
vibration survey of the facility. It wa8 concluded during this initial study that, 
as the background vibrations were emanating from LSO many pieces of support 
equipment and the facility waa integrated in such a manner, it was impractical 
to insert any vibration isolation prior to the test chamber. The thrust stand 
has been designed therefore to incorporate its own vibration isolation, making 
it a flexible piece of equipment able to operate in facilities other than that for 
which it was originally intended. 

Although the thrust measuring system will be designed with a band width 
of 250 cps this does not automatically restrict the accuracy of thrust measurement 
to that frequency range. Since the thrust  stand dynamic parameters will be 
well known and established, it is possible to correct recorded thrust measure- 
ments for the high frequency thrust stand errors. Computational methods for 
accomplishing this are discussed in the Appendix. 
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SECTION I1 

STATEMENT OF THE PROBLEM 

The most basic requirements of the thrust stand as stated by the Work State- 
ment are the following: 

a) 

b) 

Thrust range - 5 to 200 millipounds force 
Accuracy and resolution - better than 5% (of which 2% can be assigned as 
transducer accuracy). Thus, for the most sensitive range scale it is 
necessary to resolve a "minimum bit" of 0.10 millipound. 
Thrustor weight - 4 pounds (plus 1 pound for mounting platform) 
Required frequency response - 250 cycles/second. 

c )  

d)  

These elements of the specification coupled with the knowledge of the ternper- 
ature, vacuum and vibration environment have important implications which form 
the basis for the design and evaluation studies. Considered within this report a re  
discussions and recommendations with respect to the type of detector, the damping 
techniques available, the relationship between the basic spring restraint necessary 
for 250 cps and the possibilities of additional mechanical resonances, threshold 
detection, overall accuracy, noise sources, open versus closed loop operation, temper- 
ature effects, vibration isolation, calibration techniques, magnetic field effects, and 
long term drift. 

Thrust measurement may be accomplished by many techniques, but regardless 
of which is selected the basic sensor is one making a displacement measurement. The 
epeciffcation implies the scale of displacements to be considered. 
several options shows this. 

Examination of 

Calibrated Spring: One can obtain the measure of a force by the deflection of a 
calibrated spring. In this case the mass associated with the thrustor and its mount- 
ing will resonate with the spring. The specified mass, m s l u g s ,  and the frequency 
(250 cps o r  higher) define a minimum spring rate K = (2 nf)'rn = 0.383 x 10 lb/ft. 
This spring rate and the least significant force "bit" of 0.10 x 
imum displacement which must be sensed; this displacement is 

5 

6 

lbs define a min- 

lo = 0.26 x lO-'ft o r  3.1 x lo-' inches 
0 ,383  x l o 6  

Thus, displacements smaller than 0.01 microinch must be sensed. 
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Accelerometer: 
the acceleration produced. However, when one considers that the acceleration can 
only be that produced by 0.10 milllpound on a 5 pound mass, and that the measure- 
ment must be faster than 1 millisecond to obtain a suitable speed of response (250 cps) 

one finds again that displacements of less than 0.01 microinch must be detected with 
some accuracy. 

Conceptually one might consider sensing a force by measuring 

It will be found that any other concept, such as the frequency measurement of 
a vibrating string, o r  a force balance system where an opposing force is generated 
to balance the applied force, results in essentially the same requirement; namely a 
measuring element capable of resolving displacements smaller than 0.01 microinch, 
with an inherent stiffness such that a resonant frequency higher than 250 cps is 
obtained. 

Therefore, the thrust measurement problem will be solved within the con- 
straints of about 4 x lo5 lb/ft stiffness and a displacement sensitivity of about 
lom8 inch. 

The type of sensor is critical and must be selected on the basis of accuracy, 
threshold, linearity, short term and long term drift, sensitivity, frequency re- 
sponse, sensitivity to environment and whether the system is open-ended or  a closed 
loop. Tests have been made on a capacitive sensor which indicates that the basic 
resolution can be met. Drift  levels must be determined and this is expected to help 
confirm the present conclusion that closed loop operation is most suited to the needs 
of the system. Drift  and low frequency noise are discriminated against in a closed 
loop and a separate damper is not required, if an electronic spring is used, as net- 
work damping may be employed. Another sensor being tested is a piezoelectric de- 

vice which does not have the seneitivity in its present form but is expected to per- 
mit an open loop operation based on its linearity relatively noise free output and 
stiffness of over 35 x lo6  lb-/ft. 

The overall accuracy must be oonsidered in the light of expansion effects due 
to temperature, hysteresis of the spring restraint, long term verses short term 
sensor drift, calibration technique, effect of the loop and noise sources as they are 
introduced either mechanically o r  electrically. All are interconnected and while 
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many are not critical they must be included in component's specifications. Others, 
such as the thermal expansion must be handled by a specific design approach which 

is discussed in the report. 

External mechanical vibration as sensed by the displacement sensor must be 
reduced to a value consistent with the overall accuracy requirements without the 

reduction of the performance of the measurement system, In addition, as the fre- 
quency response is 250 cps, thedesign must be such as to provide an extremely stiff 

mount between the senaor and the actual thrustor under test so as to avoid any 
deterioration in frequency response as measured by the thrust stand. Resonant 
modes in other axes must be avoided as well, as they may cross-couple into the 
sensor, creating another noise source. 

Magnetic and electromagnetic fields will be present and must be reviewed in 
the light of the sensor sensitivity to these fields, shielding techniques, and dis- 

placements of the stand during the operation. It is presently considered that stan- 
dard design techniques will eliminate this as a source of difficulty. 

The basic calibration approach is  described and error sources considered. 
The threshold o r  resolution is related to the system requirements and the accuracy 
le referred back to a standard NBS weight. Such problems as weight changes in a 
vacuum, differential thermal expansion, hysteresis and backlash are all covered. 
The A. C. calibration is included and is primarily to demonstrate the frequency re- 
sponse over the required frequency range, 

The sum total of these considerations coupled with the detailed mechanical 
and electrical design results in an overall system which will  meet the basic require- 
ments. 
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SECTION llI 

ANALYSIS 

A. SYSTEMS CONSIDERATIONS 

There are several possible systems concepts in building a high response, low 
thrust measurement system. As discussed in Section I1 any such system ultimately 
relies on a displacement sensor and some equivalent of a stiff spring. In detail 
many variations are possible. Three configurations have been specifically analyzed 
and are: 

1) 

2) 

3) 

Mechanical spring restraint, electromagnetic damping 
Electromagnetic spring, closed loop, with network damping 
Electromagnetic spring, closed loop, electromagnetic damping 

Al l  three of these imply a sensor capable of accurate resolution of very small dis- 
placements. In system (1) the displacement is controlledby a very stiff mechanical 
spring; in (2) and (3) the electrical signal detected by the sensor is amplified and 
used to drive a force coil so as to produce at all times a force equal and Qpposite 
to the applied thrust. To avoid strong resonances it is necessary to add damping to 
these devices. Direct viscous damping cannot be produced in adequate amounts at 
such minute displacements, hence all three schemes use derived electrlcal damping 
signals, applied to force coils which produce properly phased damping forces. The 
specific loop arrangements, as discussed below, differ in manner in which stray 
signals (noise) are amplified o r  attenuated as well as being different with regard to 
the actual equipment required. 

1. System 1 - Mechanical Spring Restraint, Electromagnetic Damping 

A block diagram of this system is shown on Figure 111-A-1, indicating 
the dynamics of the masdspring system, as well as the electromagnetic damping 
loop. From inspection of the loop, it is apparent that the response to input forces 
and noise voltages is 

F + C3C4N1 -t C4N3 F f C3C4N1 + C4N3 - - x =  n 

ms"+ c1c3c4s + K 

a 



force:: '4 

m = 5/32.2 slugs 
k = ,383 lo6 lb/ft 

c2 = 

c1 = 

c3 = 

c4 = 

output scale factor, volts/ft 
velocity piokoff scale factor volts/(ft/sec) 
current amplifier transconductance , amperes/volt 
forcer scale factor, lbs/amperes 

velocity pickoff 1 C 

Figure III-A-1: Block Diagram - System (1) 

Mechanical Spring Restraint - 
Electromagnetic Damping 
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e 0 = C 2 x + N 2  

One observes that: 

a) 

b) 

Displacement sensor noise and drift appears directly at the output. 
Only noise components of N1 and N, above the system frequency 
(250 cps) a re  attenuated. 
appears a s  an input force. 

s 
Low frequency noise (below 250 cps) 

c) For  adequate damping ( ( ~ ~ 0 . 6 )  one must have C1C3C4 = K 
0 

= 293 lbs (ft/sec). 

The current amplifier may be an A.C.  amplifier; it is not necessary 
to provide D . C .  damping currents to obtain a stable system. How- 

ever it is desired to have a bandpass of the amplifier to extend f r o m  

about 1 o r  2 cps to beyond 5000 cps. 
The spring rate must be approximately 4 x 10 lb/ft. 
The sensitivity of the detector and associated amplifier must be of 

6 the order of 4 x 10 volts/ft to provide adequate signal level for 
recording purposes. 

d) 

5 
e) 

f )  

2.  System 2 - Electromagnetic Spring, Closed Loop, with Network Damping 

This system is shown in block diagram on Figure III-A-2. The response 
to the applied force and noise voltages for this system is 

- - 
3 L eo s + R S  + n s + n a ,  

where the lead network corner frequencies are selected as 

a=Q/.f lQ,  8' n,/ 10 

and 
2 n = ~ n  = C 2 C 3  C q C 5  $ / ~ m  

Adequate damping (60% of critical) with minimum gain ia achieved if C = 1 . 5  

and = 2 TT (250) rad/sec, 0 /n o= 2 .37 ,  0 

1 0  



n 

noise) - _- .- - - __ .-- -. -- -- 

applied force + - I-- 

voltage 

~s !- 1 I ’ X  ’I 
F 

1 - - __- 1 1  
- I  - - - - I_ -- -. -- - I displacamen t 

mass being accelerated sensor 
restoring ! 

! force 

1 
I 
I 

dc 
current compensatlcm amplifier forcer 

amplifier network 
“4 

I 
3 n amplifier 

noiae 

c displacement s01100r tautijut) scale factor, volts/ft 2 

c5 dc amplifier gain volta/volt 

L Q E L ? L  
( s +  $1 

g(s) Compensation network; g(s) = 
N 

c3 Current amplifier transconductance, amp/voIt 

Forcer scale factor lb/amp c4 

Figure In-A-2: Block Diagram, System (2) - Electromagnetic Spring, 
Closed Loop, With Network Damping 
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The signal transfer function becomes: 

c2 s + 7 . 5  n o  
2 2 - =  

[ s + 1.174 R o  s + R o  3 [ s + 6.32 no] F 

Thus one concludes that 

a) The static calibration eo/F=1/C3C4C5 volts/lb. 

b) The feedback loop (electromechanical spring) must be stable, well  
controlled, and all amplifiers must be D. C. amplifiers in order to 
provide steady state as well as  dynamic stiffness. 
The sensor being the lowest level element, sensor noise N2 is more 
difficult to control than noise a t  the other sources N3 31: N4. It 
is apparent that low frequency noise, N2, is greatly attenuated, 
which is a great advantage. 

c) 

d) The system is entirely insensitive to D.C. drift at the displacement 
sensor (the D. C.  component of N2) a s  the system corrects for such 
a noise output. Similarly, since this sensor is in the forward loop, 
the system is insensitive to hysteresis effects which might be 
present in the sensor. 

e) Noise levels at  Ng and N4 must be kept low since they appear at 
the output like signal voltages. 

f) With a sensor operating at  a suppressed carrier level the major 
contribution of gain may be achieved by A .  C. gain, and the D. C. 

amplification will largely be one of providing isolation, current 
driving and impedance matching. 

3. System 3 - Electromagnetic Spring, Closed Loop,wi th Electromagnetic 
Damping 

A s  shown on Figure III-A-3 this scheme has an electromagnetic feedbac! 
loop to provide the equivalent spring stiffness, while damping is provided by electro 
magnetic forces proportional to the velocity. The system transfer function is 
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n (sensor 
noise) 

- I 
- - 1  1 X - 1 l x  + m s  5 s  

;re tor- f, I 
2 4 c  

L - - - - - - - - -_I displacement 
mass being accelerated sensor 

forcer 
+ 

force &'$iR&$ 

C 

2 High sensor (output) scale factor volte/ft C 

'. 5 

c DC Amplifier gain volts/volt 

'1 Velocity pickoff scale factor volts/(ft/sec) 

c Current amplifier transconductance amp/volt 

5 

3 

Forcer scale factor lb/Punp c4 

- eo 
output 
voltage 

Figure 111-A-3: Block Diagram, System (3) - Electromagnetic 
Spring, Closed Loop, With Derivative Damping 
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C2F - N1c2C3C4 - N4C2C3C4 + NZ(ms 2 +C1C3C4s) 
- - 

ms2 + c1c3c4s + c2c3c4c5 

Pertinent system characteristics are: 

a) The displacement sensor D. C. drift does not appear at the output, 
but higher frequency noise at N2 will be somewhat more prominent 
than in system (2). 

b) Noise voltages N1 and N4 will appear at the output in the same form 
as input forces. 

The loop gain, C2C3C4C5/m, must be set equal to 

and C1 must be adjusted to give good damping. Since there are 
two feedback loops the two adjustments may be made independently. 

c )  = (1570)2 

d) The damping loop may use A, C. amplifiers. 

In attempting to arrive at a conclusion as to the best system to employ it is 
seen that the selection of the sensor heavily affects the decision. A capacitive 
sensor can be designed to have either a high spring rate or  a low spring rate depend- 
ing on whether the system is to be open o r  closed loop respectively. A piezoelectric 
crystal on the other hand has such a high spring rate which is inherent in its con- 
struction that an electrical loop such as systems 2 o r  3 is not practical. 

Looking at the loops without regard to the type of pickoff, there are distinct 
advantagea to the closed loop approach and system 2 is the most practical method. 
This system is insensitive to any displacement sensor D. C. drift o r  hysteresis and 
the low frequency noise sources are attenuated by (2nf/[)n) . Further, there is no 
need for separate velocity   en sing, thus simplifying the force transducer design, 

2 

B. DISPLACEMENT AND FORCE TRANSDUCERS 

The foregoing dfscuasione of closed or open loop systems and system responses 
presuppose the availability of transducers to meet the sensitivity requirements set by 
the frequencies and force values of interest. In fact this is one of the more difficult 
areas to satisfy, as the transducer parameters laid down in Section 11 show. 
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To ensure the best coverage of the system requirements, an industry survey 
was made of known manufacturers and users of thrust stands and force o r  motion 
transducers, the performance parameters of which covered similar areas to that 
of the required system. 

The thrust systems or transducers produced by the following companies were 
investigated : 

1) Hughes Research Laboratories, Malibu, California 

2) Kistler Instruments Corp.,  Clarence, New York 

3) Clevite Corporation, Cleveland, Ohio 

4) Rocketdyne, Division of North American Aviation Corporation, Canoga 
Park, California 

5: United Aircraft Corporation, East Hartford, Conn. 

6 )  Minneapolis-Honeywell Regulator Co. , Aeronautical Division, Minneapolis, 
Minnesota. 

7) Republic Aviation Corporation 

A short commentary is given on each of these systems, together with relevant 
information emanating from experience of their operation and on the applicability of 

any of the techniques to the present system. 

1. Hughes Research Laboratories - 
This is a new system recently produced by the Research Laboratories of 

the Hughes Aircraft Corporation for use at NASA-Lewis Research Laboratories. As 
it is a new system, the users have had no experiense of its operation at this time of 
writing. 

The system ie a '(hardt1 stand with a design requirement calling for the 
stand natural frequency to be in excess of 100 cps with a 5 pound thrustor package 
attached. The thrust range to be measured extends from 0.01 lb-force to 5.0 lb- 
force. The thrustor package weight to be accommodated can extend up to 25 pounds 
with the consequent fall-off in natural frequency accepted. The unit incorporates a 
soft seismic type vibration isolatlon system to attenuate background vibration along 
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the thrust axis. The stand utilizes a closed loop system with the reacting force pro- 
duced by a coil in a magnetic field. The transducer is a displacement-sensing linear 
variable.differentia1 transducer which has a sensing threshold in the order of 10- 
inch. 

6 

Differential transducers are susceptible to two temperature effects, sen- 
sitivity change due to resistance change and zero or  null shift due to differential ex- 
pansion between windings and slug. However, used in a closed loop system, as in 
this case, these two effects are compensated and cause no error.  

A comparison of one parameter of the transducer used in this system to 
the requirements laid down in Section II indicates the limitation of this transducer 
for the present application. These figures indicate that a transducer sensitive to lo-' 
inch displacement is required, whereas the LVDT transducer of the Hughes stand has 
a sensitivity of only 
closed loop system is used and vibration isolation is built-in; the differential trans- 
former displacement sensor is entirely inadequate to meet the projected system 
requirements. 

inch. The relevant factors from this system are  that a 

2. Kist ler  Instrument Corporation and Clevite Corporation 

These two companies are represented in this report by piezoelectric 
transducers, No thrust stand of the parameters required is known to utilize the 
types of transducers that these companies produce. The discussions on the two 
companies' products are grouped here in one section as the same basic principle is 
utilized and the remarks on the performance parameters of the transducers are 
interconnected. 

The piezoelectric transducers &e dealt with in this section in some de- 

tail, since they are considered to be among the most practical means of detecting 
the small motions and forces involved in this system study. 

The basic prinoiple of piezoelectricity is well known, but it is less well 
known that it is produced in two different types of materials, that the side effects of 
these materials differ and that they can affect considerably the overall performance 
of the transducer. 
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Utilized as motion or force transducers, the piezoelectric materials are 
essentially charge producers when placed under stress. This effect is observed to 

be naturally present in some crystal materials, such as quartz, tourmaline o r  lithium 
sulphate, and can also be induced into some man-made ceramics, such as barium 
titanate o r  zirconate-titanate. Both types of material are very rigid and yet aensi- 
tive to extremely small motions, thus having the advantages of providing high fre- 
quency systems that are still sensitive to small forces. A typical transducer utili- 
zing a quartz crystal element has a natural, unloadsd frequency of 70 kc and is still 
sensitive to 0.002 pound force. A transducer sensitive to 0,0001 pound, as is re- 
quired for this application, could be readily produced and still retain an unloaded 
frequency of approximately 15 kc. 

The main detrimental aspect of both crystal and ceramic piezoelectric 
materials is the fact that they are A. C. generators. The generated charge produced 
within the material by an applied force leaks away across the element or through the 
read out circuit. The charge dissipation ie generally a function of the first stage, or 
charge amplifier unft, of the detection circuit; although the dielectric resistivity of 
some materials can become limiting when the best charge amplifiers are utilized. 

Additional side effects attendent upon most piezoelectric materials can 
also influence their performance as accurate transduoers; the two main effects in 
thfs class being domain reorientation and pyroelectric effects (References 1,2,3 
and 4). The magnitude of these effects depends very much upon the type of material 
utilized and the conffguration of the piezoelectric element in the transducer. 

The piezoelectric charge is produced by distorting the lattice arrange- 
ment of an asymmetric crystal. This distortion causes the displacement of an ion 
along an axis of the crystal lattice, giving rise to a dipole moment within the crystal. 
Within piezoelectric materials such as quartz, the dipole moments of thfs polarization 
effect sum across the plane of the material, producing an accumulated charge on the 
surface of the element. The axis of this polarization depends upon the direction of 
the stress and the direction of the crystal lattice orientation. The orientation of the 
crystal lattice for natural piezoelectric materials is established at the time of the 
formation of the crystal and is generally a fixed property. For sueh materials the 

effect of domain reorientation is not present. 
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For man-made polycrystalline materials, such as barium titanate, the 
reorientation process can be of marked importance. The direction of polarization 
in these materials is established by the temporary application of a voltage across 
the element. Although producing efficient charge generators, this method of fixing 
the domain orientation is relatively weak and over stressing or  repeated stressing 
of these materials can cause loss of orientation in some crystals of the element, re- 
sulting in the lowering of the charge produced by any given stress. 

The remaining important side effect is the pyroelectric effect, which is 
divided into the primary and secondary forms. 

In the primary form, a homogeneous change in temperature of the 

element produces an accumulation of charge, similar to and indistinguishable from 
that produced by a mechanical stress. The secondary pyroelectric mechanism is 
that introduced by a temperature gradient, either in the piezoelectric element o r  
in the element support structure, producing a mechanical strain in the element and 
80 generating a uharge. 

In summary, piezoelectric materlals can be said to be subject to three 
major sources of error: 

a) Charge dissipation, due to their o m  or  the readout equipment 
resistivity. 

b) Domain reorientation, due to overstreesing, o r  sometimes repeated 
shock stressing, causing a change in charge produced by any given 
stress. 

c) Primary and secondary pyroelectric effects. The primary effect 
is that in which a charge is accumulated solely by a homogeneous 
temperature change in the element. The secondary effect, that 
in which a charge is produced by differential expansion in the 
piezoelectric material o r  support structure. 

Dealing with the two manufacturers considered in detail, Kistler and 
Clevite, more specific statements can be made about their transducers. 
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The Kistler units utilize quartz as the sensing element in the transducer 
unit. Theuse of this material removesone of the side effects, domain reorientation, 
as it is not subject to this effect. In fact, for the beat operation, the quartz element 
is often highly prestresacd, to obtain some "bias" in the crystal lattice distortion. 
Additionally, to compensate for the charge dissipation effect, the Kistler Company 
has developed charge amplifiers to a high degree; some units being available with 
an input impedance of lo1* ohms. This type of amplifier provides the ability for 
some force transducers to maintain a D. C. force indication to within 2% accuracy 
for as long as 20 seconds; the D. C. accuracy of the system diminishes exponentially 
with time. The quartz transducer is, however, still extremely temperature sensi- 
tive due to the pyroelectric effect and so still needs extremely careful thermal iso- 

lation o r  temperature control. 

The Clevlte Company utilizes piezoelectric ceramics in its transducer 
elements, usually barium titanate or lead titanate-zirconate. Like quartz, these 
materials suffer from charge dissipation, but they are also subject to domain re- 
orientation and both pyroelectric effects. The Clevite Corporation, however, claims 
a new transducer configuration which virtually obviates all effects except charge 
dissipation. The configuration utilizes a ceramic element in a low stress shear 
mode, with the material polarization parallel to the load axis. It is claimed that 
this configuration has been successfully proven in an accelerometer application 
and could be utilized in a force transducer. 

In summary, then, it can be said that the piezoelectric type transducer 
can provide high frequency, open loop systems that can be made sensitive to the 
millipound thrust levels specified. These tranaducers are largely A. C. units and 
will suffer from a continual charge dissipation drift in long term D. 6.  applications. 
In addition, they can suffer from errors caused by the side effects of domain re- 
orientation and pyroelectricrity, depending upon the material and configuration used. 
Thus, applied to the measurement of steady state, long term thrusts, these trans- 
ducers have severe limitations. However, they could be applied to the measure- 
ment of pulsed thrustors, where the pulses are of less than 20 seconds duration 
for example and a definite zero thrust condition exists between pulses. For this 
application the transducer can be shorted each time the thrust passes through zero, 
ensuring that each pulse Is measured from ti known drift and temperature 
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compensated base line. This system would require that no thrust aberrations, 
caused by solenoid o r  valve operation on the thrustor, would cause the transducer 
to approach zero charge while the package thrust pulse was on. Otherwise the 
shorting relay would operate and could produce large errors.  

If these conditions are met, the application of certain piezoelectric trans- 
ducers to pulse thrust measurements could be worthy of further investigation. 

3. Rocketdyne, Division of North American Aircraf t  

This company has been responsible for the production of one low level 
4 

thrust stand for one A i r  Force Department (ASD-Wright Patterson Field) and is 
presently engaged in the development of a high response transducer for another Air 
Force Department (Edwards Flight Test Center). 

The first stand was produced approximately three years ago under a 
development contract. It is a "softrs stand (with a natural frequency of 1 o r  2 cps) 
utilizing a capacitive transducer combined into a closed loop system with feedback 
force produced by an electromagnet. 

This stand was designed as a general purpose unit to measure the steady 
state thrust of research and development items, particularly electric propuls'ion de- 
vices. In the higher thrust ranges it performed adequately, but at the low thrust levels, 
in the order of millipounds-force particularly of interest for electric propulsion and 
attitude control packages, the stand had inadequate sensitivity. 

Attempts were made to improve the signal to noise ratio in the millipound 
range. These efforts were unsuccessful because, it is believed, the basia configura- 
tion of the capacitor semor  did not have the ability to resolve the stand's excursion 
in response to the low thrust levels. This stand is no longer used for the testing of 
thrustors in the performance range up to 100 millipounds thrust. 

Rocketdyne is at present involved in the development of a high response 
thrust transducer. The sensing element of this was originally to be based upon a 
semiconductor strain gauge. This element has since been combined in series with a 



accelerometer to better fulfill the requirements for this particular application. Dis- 

cussion with Rocketdyne has brought forth the following points: 

The transducer is of very high response, having a natural frequency 
of about 11,000 cps. 

The response threshold is high compared to the thrust level for 
this Goddard applioation of 5 to 200 millipounds, the Rocketdyne 
range being initially set at 1/4 to 10 pounds. 

The transducer is temperature sensitive and required adequate 
heat sinks; it would require water cooling for long time 
applications in the presence of thermal loads. 

In the program under .way, due to (c) and other considerations, the 
transducer is being developed as a short duration unit suitable for 
testing short time rocket firings. 

4. United Aircraft Research Laboratories 

The thrust stand developed by this group was produced for their own use 
in testing an electric propulsion device of steady thrust characteristics (References 
5 and 6). 

The thrust system uses a capacitive transducer, which is perhaps the 
closest known to the unit proposed by Republic, but the syetem generally has some 
important differences. 

The capacitor motion transducer is used in a hybrid system which utilizes 
a feedbaok nulling force unit assisted by a spring. The nulling force is produced by 
a unit which generates its effect from the electrostatic force of a voltage across the 
plates of a condenser. 

The capacitor transducer acts in one a rm of a microwave bridge, the 
unbalance of which is amplified to produce the null force. 

fn its final form the thrust stand has a natural frequency in the order of 
a hundred cycles per second and is utilized to measure steady thrusts of a few milli- 
pounds, Indicating that the capacitor unit has motion discrimination at least approach- 
ing that laid down in Section E. 
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The United Aircraft system is, however, susceptible to thermal drift in 
ite present configuration. To date this drift has not been corrected, so that the 
cause o r  causes of it can only be surmised. 

One possible cause could be the design of ‘the capacitor transducer, which 
is not a balanced design, being used in only one a rm of the bridge. Other causes could 
be the differential growth of support structures, subjected to temperature gradients, 
loading the transducer with spurious forces,afactor that must be obviated in the 
basic design of the system. Discussion on this t-hermal drift and aotions to be taken 
to nullify it are presented in the section on Republic’s recommended thrust system. 

5, Minneapolis-Honeywell Regulator Co. 

This company produces an accelerometer sensitive to acceleration in the 

range of 50 g to g (Reference 7). The main point of interest about this item is 
the apparent, o r  deduced, ability to discriminate displacement in the order of lov9  
inches, 

The accelerometer is a pendulum, null balance type of unit with the dis- 
placement sensed by a differential transformer. The effective a rm length of the 

pendulum is one inch and the angular stiffness of the unit is 0.05 milli-radians per 
g. This converts to a displacement of 5 x 10’5/g at the end of the pendulum arm. 
It is deduced that in sensing 10-5g the transformer would be discriminating 5 x 10- 

inches displacement, if the system is linear. In verbal discussion, the responsible 
project manager concurs with the deduction; with a reservation on the assumption of 
linearity. Additionally, in laboratory checks it would appear that a threshold of 
lo” g had been established for the unit, wfth the implication that a displacement 
of at least inches was being detected. The stability of the unit was not good 

under these conditions, but it is considered a good threshold indication. 

10 

This unit therefore indicates the highest sensitivity of any differential 
transformer unit investigated to date. The company limits its claims solely to the 
acceleration performance of the unit and makes no claim as to the reality of its 
apparent displacement discrimination; this aspect has not been specifically checked. 
Utilizing this unit solely as a displacement sensor in a closed loop null balance system, 
(as it is similarly applied fn its present acceleration configuration) would appear to be 
a method of achieving the required thrust stand performance that is worthy of further 
investigation. 
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6. Republic Aviation Corporation 

Republic has been investigating the application of an existing sensitive 
pressure gauge to the function of a force o r  displacement transducer. A pressure 
gauge, manufactured by MKS Instruments, Burlington, Mass., has been suitably 
adapted into a direct force measuring configuration and the unit, with the existing 
readout equipment is illustrated in Figure m-B-1. The principle of the transducer 
is that of back-to-back capacitors whose out of balance is detected by means of an 
A. C. bridge circuit. The configuration of the capacitor and the bridge circuit are 
depicted in Figures UI-B-2 and IfI-€3-3. 

Initialtests have been carried out on this adapted unit to determine sen- 
sitivity and linearity. The force restraint element, a diaphragm spring which is 
also the moving element of the back-to-back capacitors, was found to have a spring 
rate of 3000 lb/inch;this was obtained over the range of 0.04to 1 . 0  pound force by 
means of weights and a dial gauge. Using the existing detection circuit the trans- 
ducer was found to be sensitive to a 20 milligram force (4 x lb-force approxi- 
mately), for which load a 0 . 1  millivolt D. C. output was supplied by the detection 
circuit. The detection circuit consists of the A. C. bridge, a cathode follower, a 
four stage amplifier and a phase sensitive detector. 

Based upon the assumption that the spring rate found for the diaphragm 
still holds at the very small loads, the 20 milligram force produces a deflection of 

1.33 x 10-8inches. In effect, therefore. the transducer and detector as tested have 
an output sensitivity of 75 rnicrovolts/10-8 inchee. 

From Section If, the design parameters of the transducer require a 
threshold sensitivity of 3 x loc9 inches; at which deflection the transducer system, 
as ft now is, would produce 22 microvolts. 

The output from the system, however, can be increased by a number of 
techniques. First, the original air gap of the capacitors can be reduced. At present 
the gap is 7 x inches; this gap can be decreased to the order of 1 x 10 

with little trouble. The excitation voltage, at present 6 volts, can be increased 
to 100 volts. The threshold voltage for 3 x lo-’ inches motion can therefore be 
brought to approximately 2.3 millivolts with little change to the existing system. 
With such output, the threshold could be deemed several fimes lower than 3 x lom9. 

-3 
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Figure III-B-1. Capacitor Transducer Equipment 
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In obtaining this gain in output, care must be taken to avoid increase in 
system noise. Some improvement can be made in this aspect for the existing system: 
as thermionic tubes are used for the cathode follower and amplifier circuits, 60 

cycle A. 6. noise appears at the output. True D. C. voltage can be used for the 

cathode heaters to improve this aspect. Alternatively, since It  is recommended 
that the thrust stand be initiated as a closed loop system, the transducer can be 
integrated directly into the loop system without recourse to its existing amplifi- 
cation circuit; the loop system being designed at the outset for low noise properties. 

The capacitor transducer has been tested for linearity of output over 
the range 5 to 200 millipound and found to be adequately linear in this range, 
particularly as the proposed closed loop systems remove the necessity for much 
concern on this point. 

Drift  has been found to be present in the system during tests. As  these 
tests were carried out in atmosphere it is possible that air currents were  causing 
the small output variations that appeared in the lo-* pound-force range. Until the 

loading tests can be carried out by remote operation in a closed chamber, this 
matter will not be resolved. Again, the closed loop system largely removes concern 
over this matter, so that the presence of this drift should not influence the choice 
of transducer. 

Another factor having considerable influence on the transducer perform- 
ance, temperature change, is well compensated for in the capacitor transducer. The 
two controlling capacitor elements in the bridge are constructed in intimate back-to- 
back configuration and additionally the transducer is temperature controlled at an 
elevated temperature close to 200°F. 

In general it can be said that this transducer already has many of the 

attributes desired for the present application. The sensitivity of the unit is quanti- 
tatively known and it can be seen that this can readily be increased without improve- 
ments beyond present state-of-the-art. 
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C. VIBRATION ISOLATION 

The thrust stand with its extremely sensitive, high bandpass, low force sen- 
sor  will be subject to stray inertia forces produced by surrounding vibrations. 
These must be suppressed below the sensing threshold; this requires isolation of 
the sensitive part  of the stand from the vibrating chamber. 

The predominant interference is in the form of vibrations at 30 cps and of 
2 0.32 ft/sec (0 .01  g) amplitude. 

This section will present an analysis of the vibration isolation problem and 
indicate the design criteria for successful isolation. The thrust stand system is 
shown schematically in Figure III-C-1, where ml refers to the main thrust 
stand assembly and m2 refers to the small thrustor and moving parts of the sen- 
sing assembly, K2, C2 refer to the stiff (250 cps) electromechanical thrust stand 
spring and damping, while K1, C1 refer to the soft seismic suspension which acts 
as the vibration isolation. From this diagram 

(mass ml) 
. .  .. 

(mass m2) . .  .. 

In these equations y Is the chamber vibration amplitude, while y1 and y2 

are the absolute displacements of the respective masses. Since the measuring in- 
strument responds to the relative spring extension x = y2-yl, these equations 
should be solved for the relative responses x/F and x/y 

2 F(mls2 + cls + K ~ )  - (cls + ~ ~ ) m ~ s  y 
2 2 2 x =  

(mls + C1s + K1)(m2s + C  2s + K2> + m2s (C2s + K2) 
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This expresaion can be made more illuminating if one defines: 

where a= 1570 rad/sec, the cut-off frequency of the thrust 
measuring system. 

2 
K 2 4  =a 

C2/M2 = 26 f l  where 
system. 

= 0.6, approximately, the relatlve damping of the measuring 

K1/M1 = b2 where b is  the radian frequency .of the seismic: vibration absorber. 

C1/Ml 2ab where a is the relative damping of the vibration absorber and 
u = M2/M1, the mass ratio. 

Thus, 

2as 1 +- b 

where the factoring of the denominator is an approximation valid if b << R . 
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To obtain sufficient vibration isolation one should chose the vibration isolation 
frequency b such that the 0.01 g at 30 cps vibration produce no more relative dis- 
placement x than the minimum force bit of 0.10 millipound. 

Since 

b 62 
-<€ 30 CPS (C - 2n 23-r 

one must satisfy 
2ab 

(23-r30)(1 + pm2 

.. Fmin 

K2 
y s -  

2ab 5 0.38 rad/sec ((2-10) l-cu. 

-2 
Typically, gml 5 200 lb gm2 = 5 lb s= 2.5 x 10 a = 0.6  (approximately) 
Thus b must be chosen to be less than 0.32 rad/sec (0.05 aps), calling for a very 
soft seismic suspension. This suspension should of course be adequately damped 
(0.5 T- a 1 ), With such vibration isolation the effects of 30 cycle o r  higher 
frequency vibrations will be completely negligible. Note, however, that as a result 
of the introduction of this second mass/spring system there is some modificatioa of 
the response due to thrwtor  forcsa. Firgure III-C-2 shows asymptotic plots of the 

system frequency response with and without vibration isolation. Since bccf? the 
distortion which occurs (due to the soft vibration isolator) is essentially of the form 

2 2as s l i - - + T  
b b6 

b b2 
1 +* + s2(1 +fi)  

((2-11) 

This is of course minimized if IL is small. 
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This is the reason for the design of a system having as small a sensing mass 
as possible with a large "isolating" mass. Figures of 5 pounds and 200 pounds have 
tentatively been chosen. For auch a design the response to a step function input o r  
impulse will suffer only very slight distortion. The step function response of the 
system will be 

(C-12) R ' e-' (cos i t  - & s i n  y t )  x x(t) = 1 - - 1 +PJ 

where 1 represents the undistorted output and the remainder term is the distortion. 
In this expression, 

g = ab/l + 

Figure 111-C-3 indicates (in an exaggerated fashion) the distortion of a 0.1-second 
pulse. While the pulse is present there is a 2.4% error.  When the pulse is re- 
moved there is a small residual, amounting to less than 1/10 to 1% of the original 
pulse. 

Since the output of the thrust stand is in the form of an electrical signal, it is 
possible to modify this signal through properly chosen networks to actually compen- 
sate for this 2.4% distortion. Thus if the system characteristics (p, , a, b) are known 

it is possible to design a network with characteristics reciprocal to equation (C-11) 
This correction is in effect a small additive correction as indicated by equation (C-13): 

1 1+2as + & a d  
b2 - ; e  

n 
b 

2as SL 1+- + - 
(s 1 b b2 

F 

r I s2 
i 
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This may be readily realized with rather inexpensive computing feedback amplifiers, 
since the accuracy of the correction term is not too important. The 2.5% correction 
need not be more acaurate than 5% of its own value. 

Figure m-C-4 illuetrabs a method of accomplishing this; the transfer 
function of this compensating deviue being 

Rf 
RO 

- 7 (1 + 2RCa) 

(1 + 2RCs + rRC2s2) 1 
i -I r 

which is of the same form as equation C-13. Adjustments are directly available to 
control 

static gain ( 1 + u)  by adjusting Rf 

correction network gain (w) by adjusting ri 

damping (a) selecting R/r = a2 = 0.36 

frequency @) by common adjustment of R and r. 

D. THERMAL EXPANSION ERROR ANALYSIS 

Differential thermal expansion is one of the major sources of drift problems 
in thrust stand designs, There are major and minor effects which must be analyzed 
for each design in view of the anticipated temperature environment and the speclific 
materials selected. An analysis has been made to determine the errors  introduced 
by such effects. 

The 4 bar linkage suspension is shown in Figure III-D-1. Linkages A, €3, C 
and D are prestressed linkages, a necessary step taken to reduce the hysteresis of 
the flexure pivots below the threshold level required. 

The bar BC (original length a = aR+ aL) expands due to heating by an amount 
A L  to the left of the sensor and AR to the right of the sensor. As  a result the 
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linkage bars AB, DC deflect through small angles Q ,  0 .  Hence, the sensor 
displacement x which will be detected is 

From the free body diagrams one obtains 

HB - HC K X  - F (0-3 1 

In these equations, 

K = main restoring spring constant ( l b s h c h )  
c,, CbS cC* cd = stiffness of the flexures (inch lbshadian) 
(yI P, 4 = flexure prestress angles (radians) 

Solving these equations for the sensing element deflection x, one obtains (if second 
order terms are neglected) 

I .- 

W ca + c b  + cc + cd  ! 
x i  K+- + + 

b2 a 

ID-7) 
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Ideally one would like to see this relation to be 

x K * = F  (D-8 1 

where K' is an equivalent spring constant; and in equation D-7 the predominant terms 
are of this form. The equivalent spring constant is 

W 
K +  - + 

b 
where K is much 

b" 
larger than the other terms. 

The second part  of the expression on the left side represents a small change 
in the effective spring due to temperature expansion; its effect is small. On the 
right side the significance of the various terms is: 

F the desired force 

this represents a constant zero shift if the 
flexure preloads are not quite balanced. 
This effect is correoted for by nulling the 
pickoff 

a term additive to the measured force, of 
order of magnitude less than l f 3 F ,  thus, 
unimportant. 

a very stnall e r ror  ff the flexures of A, D 

are  unbalanced. It will be less than the re- 
quired threshold. 

thfs is the main source of e r ror  due to 
thermal expansion; it represents a fraction 
of the system weight appearing as part of 
the thrust. If unbalanced temperature 
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effects can exist (A 

that this term be kept below the system thres- 
hold. In order to minimize this e r ro r  the 
thrust stand will be designed with a very 
large equivalent height b. This is achieved 
by the use of a seismic type support system 
as described later. 

# A R )  it is important 

- : ' Cb) - AR(Cc $ cd) ' This is  a negligible unsymmetrical load; 
b .---I since it is divided by b2. , 

Equation D-7 permits detailed -.l.smerical evaluations of each of these effects 
to insure that no scale er rors  larger than 1/2% nor stray loads larger than 0 . 1  

millipound are introduced. 

E,  CALIBRATION 

The accuracy of the thrust measurement ultimately depends heavily upon the 
calibration techniques employed. The requirements for this high response thrust 
stand cover both a basic accuracy and an associated frequency response which 
implies that both static and dynamic calibration must be covered. The most direct 
means of providing static accuracy is through the use of an accurate weight acting 
through a variable moment arm, thereby applying a variable force to the thrust 
stand. This recommended approach has been used most successfully in the past and 
is capable of achieving an accuracy and resolution far better than that required for 
this thrust stand. The dynamic calibrator recommended is  based on the static 
calibrator and correlates a D. C. current in an electromagnetic force element to the 
static calibrator. The current input may now be changed to an A. C. current, there- 
by establishing the overall dynamic response. 

1. Static Calibration 

Figure 111-E-1 is a schematic of a steady state calibrator showing the 

placement of all major parts. A counter weight is moved along a balance a rm by 
a screw thread, which is driven by an electric motor to provide remote operation. 
The load developed is applied, through a series of levers, to the mounting platform. 

39 



FLLXUPE PlVOTS f T U U U S T  - 

COUNT E. R W f. I G UT 
BALANCE PIVOT 

Figure III-E-1. Steady State Calibrator 

40 



The pivots throughout this mechanism are flexure pivots which eliminate friction 
and lost motion from the linkages. In addition their angular restraint is significant 
compared to that of the spring necessary to obtain a 250 cps response, 

The calibrator is first balanced by use of the ring balancing weight, 
with the counterweight directly below the balance pivot. The maximum travel of 

the counterweight is governed by the placement of the microswitches which stop the 
drive motor. The inner microswitch is then positioned to cut off the motor whenever 
the counterweight returns to this zero position. Rotation of the screw thread then 
moves the counterweight away from the pivot, producing the calibrating load. 
Rotation of the screw is measured by an add-subtract counter, which receives six 
electric pulses per  turn of the screw. Location of the weight is assessed from the 
number of pulses counted and the lead of the thread. The calibrator has various 
sources of e r ror ,  all of them small. 

Temperature effects 

The various linkage a rms  can expand as a function of temperature. If 
all expand the same amount there will be no net effect. If the screw is hotter than 
the other linkages there will be an error.  The coefficient of thermal expansion is 
25 parts per million per  degree F. A temperature difference of 200°F would there- 
fore produce an e r ror  of only 0.5% of value, However, it is not expected that such 
a difference would in fact exist since this implies avery large heat source radiating 
only to the screw. 

An even smaller problem is that relating to the angular preset of the 
pivots and the change in torque due to a change in temperature as described in the: 
previous section, "Error Analysis. This is an order of magnitude less than the 
effect computed for the heavier pivots and is therefore not significant. 

Weight Change Effects 

Previous experience with outgassing of materials in a vacuum indicates 
that some care in the selection of materials must be given to guarantee that weight 
changes are small. It has been shown that aluminum can undergo a weight change of 
as much as 0.4 milligramdin when placed in a vacuum of mm Hg. The surface 

area of the calibrator is about 30 in and is centered about half way between the two 
end positions the movable weight may take. The weight change is 

2 

2 

41 



0.4 x 30 = 12 milligrams 

and compared to the movable weight the e r r o r  is 

% er ror  = l2 x L x 100 = 0.31 % error 
20 2 

Other materials such as phenolics, teflon, however, can undergo weight 
changes of two and three orders of magnitude greater than metals. The conclusion 
is that the materials other than metals may be used as long as they constitute only 
a small percentage of the total mass of the calibrator. This will be the case in the 
design of the calibrator, 

Hysteresis 

The small hysteresis present in the flexure pivots is avoided by virtue 
of the initial preset angle of a few degrees. Since the total deflection of the cali- 
brator is less than the preset,the null positions of the pivots are never encountered. 

Another source is that of the relative motion of the weight with respect 
to the screw. The nut will tend to ride against the driving side of the screw. Toler- 
ances are set such that the backlash is less than the smallest bit to be detected. 

It can be seen, therefore, that the various sources of e r ror  in the steady 
state calibrator will be small and the accuracy will be within the resolution of 2% of 
the bottom of the measurement range of 5 millipounds. 

2, Dynamic Calibrator 

Dynamic calibrator will be accomplished by using the steady state cali- 
brator, the force coil, a stable D. C. current source, and a stable oscillator and 
amplifier, See Figure 111-E-2, The steady state calibrator is set to the level at 
which the thrustor is expected to operate and the recorder and carrier amplifier 
are adjusted such that this thrust causes a large swing on the recorder paper. The 
sensitivity is now known in millipounds per division. The D. 6. current source is 
now adjusted to obtain a null. Next the steady state calibrator is set back to its zero 
position. The oscillator is now set at a low frequency - approximately 1 0  cps and 
the amplitude adjusted to be equal to the D. C.  level. The record will be as follows: 
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7 Steady State Calibration 
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The A. C. signal must have a low harmonic content, be stable in ampli- 
tude, and have no D. 6. component. Under these conditions the amplitude can be 
accurately set and the null point can be readily checked by removing both the D. C. 
and the A, C. input. The frequency may now be varied over the full spectrum and 
the response of the system recorded, 

The question remains as to the linearity and dynamic response of the 
forcer elements before the response recorded can be concluded to be that of the 
loop alone. The forcer element described in Section IV is basically a speaker 
coil in a permanent magnet. Linearity can be demonstrated by comparing it to 
the steady state calibrator. Its dynamic characteristic can only be computed 03: be 
deduced by varying the mass on the table. This varies the natural frequency of the 
stand in a manner which should match the predicted values based on the mass change, 
The forcer element should not, however, produce any dynamic effects since it will 
be driven by a current source, thereby eliminating the effect of the inductance of the 
coil. In the frequency range of interest no other effect pertains. The field from the 
coil is two or more orders of magnitude less than the permanent field so that no 
hysteresis effects will be noted. 

44 



The amplifiers and current and voltage sources must be stable. This is 
obtained by selecting suitable equipment already designed to the proper specifications. 
Accuracy is not necessary for any of these elements as the overall accuracy is always 
referenced to the steady-state calibrator. 
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SECTION IV 

THRUST STAND CONFIGURATION - RECOMMENDATIONS 

Based upon the studies of the individual problem areas that have been 
covered in the foregoing eections, a general configuration of the thruet stand 
system has been arrived at and is now covered in this section. This system 
description is divided into the following special areas: 

. Vibration isolation 
Test package support 

. Transducer location and mounting 

. Forcermotor 

. Calibrator 

. 

. Control console 
Supply lines and feed through 

The proposed general configuration of the thrust rPtand proper is shown 
in the accompanying drawing No. PC 036D0000. A diagrammatic depiction of 
the effective suspension systems is shown in Figure IV-A-1. The operation 
of the thrust stand is described by reference to both the general arrangement 
drawing and the diagrammatic sketch. 

A. VIBRATION ISOLATION 

The test facility at Goddard Space Flight Center, into which the thrust 
stand is to be integrated, waa studied in conjuretion with a vibration mapping 
survey (Ref. 8 ) ,  taken by Goddard personnel. The study and survey showed 
that a considerable amount of support equipment, such as vacuum pumps, 
liquid nitrogen cryostat, air compressor, etc. * were intimately integrated 
into the test chamber's immediate surroundings. A considerable number of 
discrete background vibration frequencies, ranging from 26 cps up to 260 cp4 

were detected; with significant acceleration amplitudes (up to .05 zero-peak g) 
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Figure IV-A-1: Thrust Stand Diagram 
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occurring at a number of the frequenciere. The study made it apparent that it 
was highly impractical to attempt to isolate each of the vibration eourcei from 
the test chamber and, because of the chamber mounting and supply lines, equally 
impractical to isolate the chamber from the noilse source6. The one practical 
method 18 to 6Upply the hard stand with sufficiently aoft mountings to attenuate 
the background noiee k, an acceptable value. 

Although the lowest noise frequency was reported as 25 cps, other 
dimxete frequencies were reported with one band appearing at 30 cps. Under 
these circumstances beat frequencies may occur at 5 cps. 

To provide the beret isolation, the thrust stand is designed with a very 
soft suspension (natural frequency 1/12 cps approximately) in the direction 
of the thrust axis. A s  the diagrams in Figure IV-A-1 show, this is achieved 
by a pendulum suspension. The effective a m  of this pendulum is made very 
long by the use of a seiamic pendulum configuration as shown in the general 
arrangement. 

The diagrammatic sketch also shows that isolation is provided in the 
two axe8 orthogonal to the thrust axis, BO that cross talk of vibration from those 

axes ht0 the thrust axis is attenuated. In the general arrangement these 
appear as special Lord vibration mounts. These mounts provide an isolation 
system with a natural frequency of 7 cps approximately. In addition, these 
mounts are so de8igned.b maintain this natural frequency over wide variations 
of stand weight, so that the weight of the atand could vary from 200 to 400 
pounds with virtually no change in the isolation. As reference to Analysis 
Section III-C shows, for good isolation in the thrust axis the mass mounted 
on the isolation pendulum should be 40 times the vibrating test package mass 
to maintain the thrust response of the system flat to within 2-1/2% in the 
low frequency range. The m a w  of the isolated system should be approximately 
300 pounds; the vibrator mounts providing, therefore, that considerable change 
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in system weight can be accommodated. 

The diagram illustrate8 how the isolation pendulum deflects under the 
thrust load. Calculations show that, for a pendulum of 1/12 cps fkequency 
a suspended mass of 250 pounds and a thrust of 200 millipound steady state, 

this deflection should be approximately 0.10 inches; a dimension well within 
the practical for the configuration. 

B. TEST PACKAGE SUPPORT 

It is necessary that the test package be supported so that its weight 
is removed from the transducer. Thua any weight change in the thrustor 
is not reflected as a change of thrust. Also, the supporting method ehould 
contribute no spurious force input that may appear 88 thrust values. Some 
of these inputs could be caused by thermal growth of support structures o r  
c.g. shift of the thrustor due to its own temperature change. In addition, 
the mass of the support system that moves with the thrustor must be low 
so that unnecessary loading of the system does not decrease the response 
frequency. Finally the structure must have high compliance to assist in 
maintaining the high response properties. 

The method of support chosen is depicted in the diagram as a 
pendulum system. In fact, it is a seismic pendulum system with the 
angIe of inclination close to zero, i. e. , at less than one-quarter degree. 
Under these circumstances the effective pendulum length for the configur- 
ation conceived approaches 2000 inches. It will be seen that this reduces 
the apparent thrust forces that temperature changes may produce. 

The general arrangement drawing show6 that two fixed water 
cooled walls are located to shield the stand from thermal radiation from 
the test package. However to provide high response intimate contact 
is required between the transducer and thrustor and also between thrustor 
and support. The transducer is effectively compensated against thermal 
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effects, a8 is deecribed in another section. The immediate attachment of 
thruafor to transducer will receive mme heat load, a8 will the thrustor 
mounting platform. The diagrammatic sketch, Figure IN-A-1, shows the 

effect of thermal growth at the transducer, which produces dirrplacement xl. 

Thermal growth of the mounting platform produces a displacement x2 at the 

other support, which adds to the x1 also at this support polnt. If this displace- 
ment of the  pendulum arm is large then, depending on the effective length of the 

pendulum and the portion of the thrustor weight carried at that point, a 

significant apparent thrust  force would be generated. It is intended that Invar 
or Nilvar material will be used at these two points. At  the transducer attach- 
ment point the length of the Invax material will be 2 inches. Accepting a 200°F 
rise in this material and a coefficient of expansion 1 x inch/inch/”F for 
Invar , the displacement 

= 2 x 200 x 1 x lo’fi x1 

= 4 x inches 

Assuming the whole thrustor weight taken at this point, and the effective 
pendulum length of 2000 inches, the apparent thrust produced te 

5 4 x 10~4/2000 

-6 = 1 x 10 lb/force. 

A figure much below the required threshold of the system. 

For the other support point, assuming a platform length of 10 inches 

x = 10 x200 x l  x10-6 2 

-3 = 2 x  10 inches. 
and the apparent thrust would be 
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= 5 x lo4 lb/force 

again, well below the threshold figure. 

An additional load may be produced by the support platform due to the 
w e  of flexure pivots at the pendulum pivot points. These pivots remove all 
friction forces and lost motion at the suspension but do possees a spring rate 
under angular deflection. The thermal displacement x and x2 will produce 
auch deflection at the pivots and the effect of the pivot spring rate is not reduced 
by the seismic pendulum configuration as is the weight effect. The pivots to be 

1 

used have a spring rate of 0.10 lb/radim and a8 four of these are ueed at each 
support arm, the effective rate is 0.4 lb/radian. The true pendulum arm 
length for thia case is 5 inches, so that the apparent thrust contributed by the 
pivot deflection due to x1 becomes 

-4 2 

= 0.8 x lb/force. 

0 . 4 ~ 4 ~ 1 0  /5 

At the other support paint the thrust contributed by x1 and x2 is 

-3 2 
/ 5  0.4 x 2.4 x 10 

= 4 x lb/forcs 

The spurious thrusts contributed by the thermal growth of the thrustor 
mounting platform and transducer attachment therefore total to lees than 
1 x pound, the thruet threshold value of the system. 

C. TRANSDUCER, LOCATION AND MOUNTlNG 

The basic parameters required of the transduuer, or pickoff, of the 
eystem have been dated Ln a previous section and the various types of units 
that can be expected to meet these requirements have also been fully discussed. 
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Until further proving tests are carried out, no definite choice of the transducer 
type can be made. For the purpose of the general configuration s t u d  it ha8 
been assumed that the capacitor pickoff applies, as more information comes to 
hand on thio unit, However, reference to the general arrangement drawing shows 
that the traneducer mounting is well able to accept alternative units. 

The stand configuration shows the transducer intimately coupled to the 
test package and located in line with the thrust axis. This method is coneidered 
to give the least attenuation between thrustor and transducer and will achieve 
the highest practical response from the componenta of the system. Maintaining 
the transducer on the thrust axis reduces couples produced between thrustor 
and the reatraint and so reduces resonance produced in the mounting structure. 

The transducer mounting provides that the axis of that unit may be moved, 
in conjunction with the location of the test package, to accommodate changes in 
the thrust axis of various thrustors. 

D. FORCER MOTOR (Or Force Transducer) 

The transducer is designed 6 ~ 8  a linear element over a wide range of force 
and frequency to be used as the feedback driving element in the closed loop 
as well as part  of the dynamic and static calibration. The transducer will be 
capable of providing a steady state force of 150% of maximum o r  300 millipounde. 
It is patterned after a speaker coil type element which is the most efficient 
means of using both the total copper and the maximum magnetic f'ield available. 
Figure IV-D-1 is a cr088 section of the design. The magnetic field is radial 
everywhere in the gap while the current i s  circumferential everywhere in the 

gap. There are in fact many combinations of parameters which will result 
in a good transducer design. The ones presented are therefore not rigidly 
defined, but do represent a practical dseign. In addition to the direct 
computation of parameters there are a number of considerations and assumptions 
which are listed below: 
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1) The motion of the coil wiil be 80 small as to result in no 
appreciable change in effective magnetic field strength. 

In a magnet assembly of this type no more than half of the 
total flux of the magnet will go through the gap. The re- 
mainder is leakage and cannot contribute to the generation 
of force. 

2) 

9 )  The coil design will be baaed on the requirements of the 

driving amplifier 80 as to obtain a current proportional 
to the voltage input to the amplifier and independent of 
the inductance of the coil. 

4) The magnetic field strength should be as high as possible 
in order to minimize both the heat losses in the coil and 
the cross-magnetization effects which could lead to a 
non -line ar condit ton. 

5 )  The weight of the magnet assembly is of no eignificance. 
Only the coil must be kept to as low a value its possible. 

The basic equation used is the following; 

F = 8.85  x B 1 i lbs 
where 

B 
1 is in inches 
i is in amperes 

ie in lines per square inch 

The flux density is first estimated on the basis of a preliminary magnetic 
circuit, considering leakage, saturation flux in the soft iron pole pieces, and 
the ratio of the gap to the magnet length. A driving current is then selected 
consistent with a practical amplifier output stage. The result is that the length 
of copper can be computed from the above equation. Considering such factors 
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a8 the packing factor for round wire-layer wound, the clearance necessary and 
the assumed volume of the gap the maximum size wire  is then selected. The 
disaipated power in the coil is the final item to be checked to as8ure reliable 
operation. At this point, any juggling of the current versus wire size with the 
gap volume fixed will only change the voltage level of the amplifier and coil 
but does not change the power dissipated. This can only be reduced by increasing 
the gap volume at the expense of an equivalent increase in magnet size and 
weight. 

The preliminary design as presently conceived has the following 
specifications: 

B = 25,000 lines per square inch 

gap = 0.25 lines 
coil width = 1.00 

maximum current = 20 ma 
maximum force = 300mlb 
w i r e  size = #27 

number of turns = 1080 

magnet = Alnico V 
core material = Armco Ingot Iron 
coil resistance = 30 

coil inductance = 0.1 hy 
magnet weight = 2.7 lbs 
magnetic assembly weight = 10 lbs 
maximum dissipated power = 0,012 W 

gal? 

With the dissipated power so low, the magnet assembly could be reduced 
in size further. During the detail mechanical design of the stand this will be 
considered. In general it is desired to reduce the magnet as much as possible 
in order to reduce the amount of leakage flux external to the assembly. This 
flux will tend to exert a steady force on all iron or steel components within a 
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radius of about seven inches. As this force is essentially constant due to the 
extremely small excursions of the system under test it will only produce an off- 
set which will be readily corrected for. In view of previous ewerience with a 

soft stand with large excursions it is not considered a problem. 

This force transducer will  be used as the driver element of the calibration 
subsystem as well as part of the feedback element of the closed loop. Further, 
it can also accept the damping signal. This mixing of signals may be achieved 
either at the input to an amplifier which drives the coil o r  by providing individual 
coils for each signal. 

E. CALIBRAKIR 

As described in the preceding section, the force transducer €or the closed 
loop system is also the driver unit for obtaining a dynamic calibration of the 
thrust stand. To provide a secondary force standard on the thrust stand, a 

steady calibrator is built into the thrust stand and is used as a reference for 
establishing the force of the dynamic calibration, as described in Section III E. 

This steady state calibrator will be baaed upon the well proven deeign 
used previously on many of Republic's thrust stands. This steady state unit 
can in turn be checked againet an NBS weight to establish the absolute 
performance of the system against a primary standard. 

F. SUPPLY LINES AND FEED THROUGHS 

It is anticipated that various forms of thrustors will be tested on the 

thrust stand and that for some of these it would be preferred that the fuel 
supply is located other than on the mounting platform. Two fuel lines wiH be 
provided ta cross from the base of the thrust stand to the mounting platform 
and will be permanently attached. To ensure that these supply lines will not 
affect the thrust stand response a particular form of mounting, used successfully 
on a Republic soft stand, will be utilized. This configuration gives low resistance 
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to motion and yet water flow, at the rate of 8-1/2 lb/min at 30 psi, can be 
started and stopped and produce apparent thrust reaching below 
Fuel flow to low thrust packages should have no affect on the stand. 

pound. 

Electrical controls and instrumentation signals to and from the test package 
will be carried over the support pivot line by a flat conduction cable. Again 
these have been used successfully on previous stands and should prove more than 
satisfactory in this application. 

It is anticipated that a 28 conductor unit will be provided. An additional 
unit can be readily added if required. 

G. CONTROL CONSOLE 

The console will be contained in a standard 19 inch rack unit. It will 

contain a aeries of separate racks carrying various control circuits of the 
system. Among the units will  be a Type 1508 Honeywell Visicorder which will 
be ueed to provide a permanent record of calibration and thrust tests. 

The console will contain the controls and readout facility for both the 
steady state and dynamic calibrators to provide remote operation of these 

units. 

The circuits of the control loop of the system will be contained on racks 
to provide easy access for maintenance. Controls required for the adjustment 
of the loop such as gain dampidg, zero balance, quadrature balance, etc., will 
be brought to the front of these racks. 
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APPENDIX 
BANDWIDTH EXTENTION BY NETWORK COMPENSATION 

OR BY COMPUTATION 

The thrust stand design discussed in this report has a "basic bandwidth" 
of 250 cps. This is defined a s  a linear system with second order response, 
adequately damped and with a corner frequency of 250 cps. It may be described 
a s  

, - 2  
I l  

0 

where 

= 2 7T (250) rad/sec 
O O  

0 . 5 <  0 < 0.7 

While such response speeds a re  considered quite fast for mechanical 
instrumentation systems, they nevertheless fall quite short in faithfully 
reproducing rapid pulses. For example, curve (A) of Figure A-1 shows a five 
millisecond square pulse. A system described by equation (A-1) would respond 
to such a pulse as  in curve (B) of that figure. For comparison, curve (D) shows 
the response obtainable with a system which is ten times as fast (n = 2rr (2500) rad/ 
sec). Curve (A), Figure A-2 shows a more typical input for the thrust stand, 
an exponential pulse 

- Ct 
-1 

1 -e 

l=e 
i (t) = 

1-Ct i (t) e 

described by 

1 
C 

1 

t <  - 

t 7  7 

1 
C - 5  5 milliseconds where C= 200 rad/sec 
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Curve (B) shows the response of the 250 cps system; its predominant distortion is 
a lag of = 0.765 millisec. in following a ramp function input. n 

The question then arises whether it is possible to improve the performance of 
the basic system by judicious network compensation. A s  an alternative one might 
also attempt to compensate for the system distortion by computational techniques. 

A first approach to a solution of this problem is to say that since the system 

distorts the input as F(s) one should I1undof1 this damage by compensating by a 
function F-'(s) as indicated in Figure A-3. The compensation network is 
theref ore 

(A -3) 

Thus, one should take the output 
second derivative, with the proper weighting factors and - 
respectively. If this were done accurately (by step by step digital computation, 
o r  by analogue network simulation) one should reproduce the input precisely. 

h (t), and add to it its derivative and its 
1 

R o  P 

Further consideration indicates that this simple expedient is not a 
complete, practical answer to the problem. The direct application of equation 

(A-3) will greatly emphasize any noise n (t) which might be present at the 
output. High frequency components of the noise (components at frequencies 
greater than R ) will swamp any signal. Thus there is clearly an upper limit 
to the bandwidth extention. If a full description of the statistical properties of 
the input signal and noise were known then the conventional design theories, based 
upon the Wiener-Lee theory, would determine the optimum system configuration. * 

0 

*See for example, "Analytical Design of Linear Feedback Controls, I' by 
G . C .  Newton, Jr., L. A. Gould and J. F. Kaiser - J. Wiley & Sons, 1957 
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Symbolically, if this optimized+design technique led to a system design (s), 
then one might decide to realize this system by building a "thrust stand" with 
characteristic F(s) and a "compensator" with characteristic *. If the 
noise were considerable then the "Compensator" might actually be a bandwidth 
limiting device instead of a bandwidth extention device. 

F (s) 

For the design discussed in this report very little is known of the input 
noise characteristics. Internally generated noise (see Section III-A) can be 
minimized. Thus, it is assumed that some bandwidth extention can be realized 
before the amplified noise overrides the signal. The extent of this bandwidth 
broadening will of course be determined experimentally, by using variable 
bandwidth filters and measuring signal response e r r o r s  and noise outputs. 

It is apparent from the above considerations that the simple compensation 
(Equation A-3) is far from ideal, €or two reasons: 

a) derivative networks a re  difficult to realize physically 

b) the indicated function is certain to amplify very high 
frequency noise to an intolerable degree 

Thus, if signal and noise considerations were  to permit a passband of K no 
(bandwidth extention by a factor of K) one should use "compensators" of the 
form 

F1(s) = 2 2 s  S 1 +  A + 
m0 

or  

(A-4) 
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Figure A-4 shows the frequency response characteristics of: 

F"@) E qua tion A -3 

F1 (5) Equation A-4 and, 

F2 (SI Equation A-5 

Figure A-5 shows the resulting system responses F(s) F-l(s); F(s) Fl (9); and 
F (s) F2 (s) showing that the latter two extend the signal bandwidth by a useful 
factor of I< without admitting extensive noise at frequencies much higher than 
K hz o. If one wishes to perform this compensation by calculation rather than by 
analogue networks such cutoffs in frequency response are automatic. Thus one 
might tabulate the output a t  intervals of 0.20 milliseconds, and then difference 
these numbers twice to obtain the terms of equation (A-3). This choice of time 
interval automatically discards all frequency components in excess of 2.5 KC 
according to the sampling theorem 1 - 

f C -  2T' 
Considering that the basic system function F(s) has a gain of only 0.01 at 

u?= 10 0, it appears that bandwidth extention by more than K=10 is hardly 
practical since this would imply large gains of very small signals indistinguish- 
able from noise. 

A further consideration is the "identification problem". So far we have 
naively assumed that the system function F(s) is known precisely. This is 
of course not quite true. Af te r  a system is designed its frequency response 
may be measured, gain and phase plots cm be drawn and an analytic function 
fitted to describe F(s), Experience with such measurements indicate that 
small nonlinearities result in a "band" of measured curves, and that furthermore 
there is not complete agreement in the characteristics derived from amplitude 
and phase measurements, respectively, as theory would indicate. Therefore, 
the nu nerical values for [J and no in equation (A-1) cannot be precisely 
determined. Also, a s  derived in the equations on pages 10 and 12, there a re  
other terms in the response which should be considered. The actual transfer 
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function is more nearly 

s ,  ( l +  7.50, 

Other modifications to the transfer function become appreciable a t  higher 
frequencies due to mechanical compliances and amplifier cutoff. 

Calculations were made to estimate the effects of these e r rors  in estimating 
the parameters of a system transfer function. 

Error in estimating system characteristic 

Suppose the true transfer function is 

03-71 

and this is followed by a compensator 

2 2 

2 

s +2O1n1 s+nl 

0 1  

G(s )  = 

where n1 is anestimate of no and 5l is an estimate of . If we apply 
a step input, then the output will reproduce the step plus an e r ro r  
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where q = ( no/ R, la 

Curve (6) of Figure A-1 shows this response if both damping and frequency are 
estimated with 10% er ror ;  a similar computation was made for the exponential 
pulse and is shown in Figure A-2, curve (C). It is believed that actual 
estimation e r rors  would be only about 5%. 

To get a numerical measure of the ttgoodness of fit" the quantity 

m 

cy, = .\ 81 (t) dt 

was calculated and compared with 

W 

where (t) is the e r ror  of an uncompensated system having K times the 
bandpass. In other words, (t) is the difference between input and output 
for a step input applied to 

I i ? n 2  
0 

s inJ1T2  d cosJ1-0 2KC&t+ - c J l d  
e2 (t) =e  

The results are 

(A -9) 

(A-lo) 

(A-11) 

(A-12) 

(A -13 
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(A-14) 

Equating qr and 'pa one obtainsavalue of K=15 for 10%errors  in 0 and 

This means that if one were to make e r ro r s  of as much as 10% in estimating no.  

the system parameters the resulting mean square e r ro r  of the compensated system 
would ?e equivalent to the mean square e r ro r  of an uncompensated system with 15 

times the original bandwidth! Clearly, the parameter estimation is no obstacle. 

A further check was made, assuming that the actual transfer function is 
given by equation (A-6) but that an estimate of it neglected the two additional 
corner frequencies at 7.5 0, and at 6.3 61,. Specifically, let e 11 (t) be the 
e r ror  if a step function - is applied to 

S 

and again ea (t) is the e r ro r  of an extended bandwidth system (A-11). 

Again comparing e r ro r s  on a mean square basis, namely, 

one obtains 

(A -1 5) 

(A-16) 

(A -1 7) 

(A -1 8) 
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This indicates that the e r ro r  in neglecting the two corners at 
7.5 F0 is equivalent to the e r ro r  caused by a system with K=500 times the 
original bandwidth! 

6.3 R, and 

One concludes therefore that: 

a) if the noise level is low it is possible to extend the system 
bandwidth. 

b) for moderate widening (K=5 to 10) the system characteristics 
need not be ascertained more accurately than to within 5% to 
10% which is not difficult. Higher order terms in the transfer 
function may be ignored. 

c) such compensation can be done in real time in the form of 
feedback amplifiers similar to the scheme of Figure III-C-4, 
or  can be done in the form of digital computation subsequent 
to the gathering of data. 
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